Abstract: Great impact of surface plasmon polaritons (SPPs) on photorefractive effect in ZnSe/liquid crystal interface was observed and studied in dye pyrromethane 597 doped 4,4'-n-pentylcyanobiphenyl (5CB) liquid crystal (LC) cells sandwiched with ZnSe coated ITO glass plates. Locally electrostatic modification of ZnSe in charge carrier density makes possible visible light excitation of SPPs in the LC/ZnSe interfaces. A tentative physical picture of SPP mediation was proposed in elucidating associated findings, including photoinduced scattering enhancement at low electric field and then reduction at high field, stepwise up-and down-turns in exponential gain coefficient, and 2D diffraction patterns. This work may open a new way toward tunable low-loss visible excitation of SPPs for plasmonic applications, specifically for organic plasmonics. 
Zentgraf, and S. Zhang, "Three-dimensional optical holography using a plasmonic metasurface," Nat. Commun. 
Introduction
Searching for new polymer [1] [2] [3] [4] and liquid crystal (LC) [5] [6] [7] [8] [9] nonlinear optical materials and optimizing existing ones are of growing foci in optical field, driven by a broad spectrum of applications, especially for real time holography. With photoconductor substrates [10] , interlayers [11] [12] [13] , and nanorods [14] in modifying LC cells, few to tens millisecond response times were demonstrated. In the past, surface dominant photorefractive effects were demonstrated and studied in LC cells [7, [15] [16] [17] [18] . It is evident that charge carrier transportation and accumulation near the photoconductor/LC interface are behind most interesting phenomena observed [12, 13, [15] [16] [17] [18] . When a great number of electrons are accumulated near a photoconductor/LC interface, the skin layer of the photoconductor can be swarmed by charge carriers (electrons or holes) upon applying an electric field. [32, 33] . It is known that phase gratings can be written in a nonlinear material [6] . Therefore, in a layered structure of plasmonic and nonlinear optical materials, SPP excitation and energy coupling between light radiation and SPPs can be mediated by phase gratings, instead of metallic gratings. Recently, we have observed interesting phenomena in dye doped 4,4'-n-pentylcyanobiphenyl LC cells, fabricated with n-type semiconductor ZnSe coated ITO glass plates. The observations can be explained with excitation of SPPs and energy coupling between SPPs and visible radiation. In dye pyrromethane 597 doped LC cells, stepwise gain coefficients ranging from −400 to 400 cm −1 were obtained with increasing applied field and the energy coupling direction was doping concentration dependent. Strikingly, a very strong scattering nearly depleted transmitted laser beams at a relatively low applied field. After a turning point, however, the scattering light was reduced when applied field was raised further. Based on SPP excitation and its mediation in energy coupling process, both the gain coefficient and transmitted power dependences on the applied field can be explained satisfactorily. Moreover, 2D hexagonal diffraction patterns observed from lighter dye doped LC cells supported the physical picture proposed. By measuring the charge accumulation in the interfaces, it arrives that locally electrostatic modification of ZnSe in charge carrier density makes possible visible light excitation of SPPs in the LC/ZnSe interfaces. This study could serve as guidance in designing tunable, low-loss plasmonic systems and it is also of significance for nonlinear optics research. We report our work as follows.
Experimental and discussion

Two wave mixing experiment
The nematic LC material 4,4'-n-pentylcyanobiphenyl (5CB) in making LC cells was purchased from Merck, and the dye pyrromethane 597 from Exciton. The photoconductive ZnSe films were coated on ITO glass plates directly by electron beam deposition. The structure of an LC cell and the experimental configuration of two wave mixing (TWM) are illustrated in Fig. 1(a) . The ZnSe films on top of two ITO glass serve as not only photoconductive layer, but also alignment layer. In preparing the liquid crystal cell, a few nm uneven morphology of the ZnSe coating plays the aligning role in forming a high-quality homeotropical cell, as stated in Ref. 17, along with the advantage of this approach offers. Using a typical oblique geometry, the LC cell was tilted at angle φ = 45° to the bisector of writing beams 1 and 2. The thickness of the LC cell was set as d = 6.35 µm with polyester spacers. A continuous diode pumped solid state laser at 561 nm (Cobolt Samba 100) was used as the coherent light source and p-polarized incident light was used throughout the work. The crossing angle of beams 1 and 2 was set at θ = 1.0°, with the corresponding grating spacing Λ = 18.7 µm. The two writing beams were with equal powers, 5 mW. Growing energy coupling from one beam to the other was seen with increasing applied field in a 1.0 wt% dye doped LC cell. The gain coefficients were calculated according to Γ = (cosφ)/d·ln[(I 2 I 1 ')/(I 1 I 2 ')] and plotted in Fig. 1(b) against the applied voltage. Where I 1 and I 2 are the transmitted intensities without coupling, I 1 ' and I 2 ' the transmitted beam intensities with coupling, d the thickness of the sample, and φ the tilt angle of sample to the bisector of writing beams. Multiple measurements for TWM exponential gain coefficient were performed against applied field in many LC cells. The highest gain coefficient measured was 400 cm −1 from the LC cell. It is noted in the experiments that the coupling between the two beams was quite dynamic although a vibration-proof table was employed. It is seen that at relatively low electric field the gain coefficient fluctuated above and below the zero line around ± 50 cm −1 . After 0.4 V/µm, the gain coefficient grew sharply until 0.6 V/µm. Over 0.8 V/µm, the gain experienced a slow downtrend till 1.6 V/µm. It was even interesting to see that the gain coefficient grew again after 1.7 V/µm. One notes that fluctuation of the gain coefficient was quite striking in the graph, judging from the big error bars. The TWM experiments were repeated with multiple cells and these results were well reproduced.
To see the contribution of the doping concentration of dye on the energy coupling and grating writing process, the dye doping concentration was diluted to be 0.5 wt%, 0.1 wt%, and 0.01 wt% by adding more LC material into the LC + dye solution. The dependence of the gain coefficient on the applied field in the LC cells with different doping concentrations were measured and shown in Fig. 1(a) . One can see that the gain coefficients experienced negative values before turning positive. It is puzzling to see that for the slightest doping LC cell, the gain coefficient did not even turn to positive. In the previous work, we noticed similar energy transferring [17] without delving into the mechanism behind the finding. It is apparent that charge transferring and accumulation are associated with it. To get fuller picture about the complicated energy transferring process, we proceed to look at light scattering closely next. 
Transmitted intensity variation with applied field
To find the origin behind the intriguing observation in the TWM experiment, the transmitted powers of beams 1 and 2 were measured against applied field at three conditions: (1) beam 1 alone (marked with I 1 , see Fig. 2 (a)); (2) beam 2 alone (marked with I 2 , Fig. 2(a) ); and (3) beams 1 and 2 coexistence (marked with I 1 ' and I 2 ', Fig. 2(b) ). One sees that beams 1 and 2 experienced great power drops at 0.39 V/µm, and the electric fields corresponding to the lowest powers for transmitted beams differed slightly, around 0.6 V/µm. It was noted that the transmitted light became stronger after a turning point, while the applied electric field was increased continuously (Fig. 2(a) and 2(b) ). This turning point was consistent to the Fredericks threshold of the liquid crystal. One puzzling thing was that the sharp declining of transmitted power ( Fig. 2(a) and 2(b) ) was coincident to the sharp increasing of exponential gain coefficient in Fig. 1(b) . Moreover, the transmitted beams gradually regained their powers after the turning point until 1.6 V/µm, originating seemingly from moving away from the Fredericks transition, due to the stronger alignment of the liquid crystal to the applied field, resulting in the exponential gain coefficient in a slow downturn at same time. Finally, after the transmitted beams regaining full powers, the gain coefficient grew considerately. One thing deserves to be pointed out that the coefficients obtained in 0.01% doping LC cell were with opposite sign, hinting backward energy transferring, while the geometrical and optical conditions were all the same. 
Transmitted intensity variation with total power flux
One may wonder: why did the transmitted power experience so great a decline? To answer this question, one needs to take a look at the transmitted spots without the irises in the light path illustrated in Fig. 1(a) . Four selected photographs taken at different electric fields are exhibited in Fig. 3(a) . One sees that with increasing electric field the scattering increased remarkably, and this answers why the transmitted powers after irises were reduced. It is striking to see that after 0.6 V/µm the scattering reversed course. At 1.57 V/µm, the scattering shrank to that at 0.39 V/µm. This scattering's up-and down-turns imply there are at least two competing driving forces in determining the scattering. The first driving forcephotorefractive effect-tends to increase scattering powers and distribution angles when the applied electric field was increased, since the light energy tends to be coupled into much weaker scattering beams. To find the second driving force, which tends to reduce light scattering, it would be informative if one checks total transmitted power difference between the two cases: (1) turning on beams 1 and 2 individually; (2) turning on both beams simultaneously (refer to Fig. 3(b) ). One sees that there was a sharp peak around 0.4 V/µm, which coincided with the sharp decline of the transmitted powers ( Fig. 2(a) and 2(b) ). Apparently, doubling the incident power flux increased the scattering at relatively low electric field. Contrarily, at high electric field, the higher power flux sped up decreasing of the scattering. In photorefractive systems, higher incident power results in faster charge carrier generation and transportation, and hence alters the effective electric field. Therefore, to identify the second driving force, we will take a closer look at charge transportation and charge accumulation in the next section. 
Theoretical consideration and further experimental confirmation
Charge accumulation, dark and photocurrents
As briefly stated in the introduction section, various intriguing phenomena observed in doped LC cells were intimately associated with charge carrier transportation and accumulation near the LC/photoconductor interfaces [7, [12] [13] [14] [15] [16] [17] [18] . Indeed, the interesting findings in our previous works [17,18] motivated us to explore unknown mechanisms in the ZnSe/LC interface. While external field was applied on an LC cell, charge carriers were accumulated on the electrodes. When a ZnSe/LC interface was flooded with electrons, the effective electron density of the skin layer of ZnSe thin film was altered significantly due to electrostatic modulation [19] . In view of plasmonics, the plasma frequency (ω p ) of ZnSe layer could be shifted greatly towards short wave, since ω p can be expressed as [33] 
where n e is the electron density, e the charge of an electron, m e the effective mass of electron, ε ∞ and ε 0 represent the dielectric constants of the medium and free space. One sees that if electron density is high enough, ω p could be shifted well into visible regime. To see how electrons can be accumulated near the ZnSe/LC interface and the amount accumulated, the current dynamics during turning on and shutting down of electric field/light were taken with a picoammeter (Keithley, model 6485) connected in series with a DC power supply and the LC cell used in the TWM experiment. The dark and photoinduced charge accumulation versus applied voltage is exhibited in Fig. 4(a) . A typical charging dynamic curve is shown in the inset. The charge accumulation near the ZnSe/LC interface was calculated by integrating the total area enclosed by the jump lines (upon turning on electric field (laser light), decaying curves and dashed lines corresponding to the stable currents (Fig.  4(a) ). Figure 4(b) shows that the stable dark-and photo-current are different. One thing should be mentioned here is that the dark charge accumulation and dark current were attributed to the entire electrode area of the LC cell (12 × 24 mm 2 ), whereas only a very small portion of the electrode (4 mm 2 ) was illuminated and hence contributed to the photocharge accumulation and photocurrent. Considering the area ratio 72, the photoinduced contributions were indeed great. 
A tentative physical model
From Fig. 4(a) , it is seen that 0.17 to 64 µC electrons can be accumulated near the ZnSe/LC interface in 1.0 wt % dye doped sample with 2 to 14 V voltage applied. The amount of charge accumulation differs for different doping concentrations, but with the same order of magnitude. According to Eq. (1), the plasma response of the ZnSe will be shifted toward short wave side, and may reach visible region. Rough calculations were done as follows to estimate the magnitude of this blue-end shifting. The electron density in ZnSe layer before charge accumulation was calculate by using the relation [33] ( m) 1.24 / ( ) , ε sc , k B , T, e, and n 0 are semiconductor permittivity, Boltzmann's constant, temperature, charge of carrier, and the electron concentration, respectively), the added charge density can be calculate by considering the electrode area of LC cell and the amount of charge accumulation. Replace n e in Eq. (1) with electron density after charge accumulation, the new plasma frequency and cutoff wavelength (or plasma wavelength) can be calculated according to Eq. (1) and Eq. (2) respectively. With the charge accumulation increased from 0.17 to 64 µC, the shifted plasma wavelength range from 6.2 to 0.34 μm, covering indeed the visible regime Therefore, mediated by the gratings written in the LC cells, SPPs at visible frequencies can be excited near ZnSe/LC interface on the cathode side ( Fig. 5(a) ). Because of the high sensitivity of photorefractive effect, the weak scattering light in LC cells can be amplified by writing myriad gratings. Consequently, those phase gratings diffract incident light into various high orders. Similar to the metal grating used in the past [20, 21, 26] , the phase gratings can supply quasi-wavevectors of m(2π/Λ) to the x-component of the incident light wavevector k xin to satisfy phase match condition, where Λ is spatial period of a phase grating. The energy of incident light is transferred to the SPPs by diffraction. The condition for SPP excitation by the phase grating is expressed as [20] 2 , 1 , 2, . . . ,
where k SPP is the vector of SPPs, determined by both dielectric function of the electrostatically modified photoconductor ZnSe and dielectric constant of the LC layer, and the order number m could be either positive or negative [20] . As illustrated in Fig. 5(a) , the SPPs propagate in both positive and negative directions of the x-axis. It is noted the charge carriers are accumulated on the ZnSe/LC interface, since ZnSe layer is semiconducting and hence the applied voltage dropped down across the dielectric LC layer. The plasmonic band structure in the ZnSe/LC system was computed according to Eq. (3) by schematically setting Λ = 18.7 µm and shown in Fig. 5(b) . Note that the manifold dispersion curves fall within the radiation region between the two air light red lines, implying coupling between SPPs and light radiation are of two-way process. From the schematic graph of Fig. 5(b) , it is seen the scattered beams which form small angles with the incident light write gratings with large spacing period Λ, and hence more dispersion curves are packed between the two light lines. Therefore, scattering with relatively small angles with the incident beam have greater chances to be amplified via backward coupling from SPPs to radiation. This is believed to be the second driving force which brings scattering light back to the incident light direction, while higher electric field pushing plasma frequency toward shorter waves. The grating spacing formed between the main beams and scattering beams are relatively large, while the grating spacing between scattering beams are relatively small, this make the SPPs couple more energy into the main beams than that into the scattering beams. Also because of the difference in the grating spacings, the energy coupling from the scattering beams to the SPPs are more than that from the main beams. Therefore, the scattering beam become weaker while the main beams stronger. 
Further experimental results
An intriguing finding in the slightest dye doped LC cell was believed to be an evidence to SPP excitation and energy transferring from SPPs to visible radiation. Without external feedback of any sort employed in previous works [34], 2D diffraction pattern was observed out of the LC cell. After illuminating with two writing beams, a grating was written. On the reflection side, over 18 diffraction orders were seen Fig. 6(a) ). On the transmitted side, very clear 2D diffraction patterns appeared (Fig. 6(b) ) and the distribution of the high orders changed over time. In the past, the SPP excitation in the interface between isotropic and anisotropic media were studied [35, 36] . It is believed in the less dye doped LC cell, both the s-and p-polarized light can excite the SPPs in the Znse/LC interfaces. Therefore, 2D interference patterns were formed. Regarding 2D diffraction patterns, it is well known in photorefractive research community that primarily the phase matching condition defines the shape of the scattering pattern if parametric amplification is involved [37] . The light spots in the central row were of many diffraction orders. For those spots above and below the central row, they seemingly stem from energy coupling between crossed polarizations. However, the ring-shaped diffraction lines were reduced and the bright spots were enhanced greatly, since the SPPs can only couple with the diffracted light of p-polarization. From another perspective, the modified ZnSe layer can serve as a thin mirror for visible light due to plasma excitation, which serves as the feedback needed for generating 2D diffraction patterns [34] . 
Conclusion
In conclusion, apparent SPP excitation was evidenced in dye doped 5CB LC cells made of ZnSe coated ITO glass plates and great impact on the photorefractive effect was analyzed and verified by experiments. The charge accumulation near the ZnSe/LC interfaces results in electrostatic modification of the plasma frequency toward visible wave, and this makes possible to excite SPPs in the visible band. Additionally, hexagonal transmitted patterns were observed and analyzed in the slightest dye doped LC cells. The findings could be used as guidance in designing low loss SPPs based devices and in designing fast response, low voltage operated holographic display. Since the charge accumulation is highly electric field and illumination dependent, the electrostatic modification approach opens a new way of exciting SPPs in a tunable way. This methodology itself is significant for plasmonics.
